Background and aims
===================

Isocyanates is a group of reactive low-molecular weight chemicals commonly utilized in the manufacturing of polyurethane foams, paints, coatings, elastomers, adhesives, and many other products \[[@b1-cm-89-499],[@b2-cm-89-499],[@b3-cm-89-499],[@b4-cm-89-499]\]. In the last 50 years, the production and use of isocyanates have rapidly increased. The three major diisocyanates present in the workplace include toluene diisocyanate (TDI), diphenyl-methane diisocyanate and hexamethylene diisocyanate \[[@b1-cm-89-499]\]. Adverse health effects due to exposure to isocyanates have been known for a long time \[[@b5-cm-89-499]\]. Humans may be exposed to TDI by inhalation, ingestion, dermal or eye contact. It is a powerful irritant to the mucosal membranes and can cause severe allergy and asthma, but patients may also present ophthalmic, dermatological, and gastrointestinal manifestations \[[@b6-cm-89-499]\]. Occupational asthma is the most common work-related lung disease. Studies on the incidence and causative factors of occupational asthma identify isocyanates as one of the leading causes of occupational asthma worldwide. The increased use of isocyanate-containing products has raised the awareness of health problems related to non-occupational exposure as well \[[@b5-cm-89-499]\].

Experimental animal models of diisocyanate occupational asthma have demonstrated an immunological basis for the disease. Animals can be sensitized by dermal or respiratory exposure, suggesting that either the exposure route may be important in the workplace. It was also found that isocyanate-induced lung disease is an oxidant stress-dependent pulmonary inflammation. Diisocyanates can react with -OH, -SH, and -NH2 groups of endogenous proteins \[[@b7-cm-89-499]\] and are able to bind to glutathione (GSH) in the skin or mucosal surfaces \[[@b8-cm-89-499],[@b9-cm-89-499],[@b10-cm-89-499]\]. GSH, one of the major anti-oxidants of the lung, has been linked to the response to isocyanate exposure. Experimental data suggest that airway GSH may help prevent the development of allergic sensitization and asthma \[[@b11-cm-89-499],[@b12-cm-89-499]\].

To address the oxidative stress involved in isocyanates-induced asthma, in the present study attention was focused on vitamin E effect in rat experimental isocyanate-induced asthma.

Methods
=======

Animals
-------

Wistar rats aged 8--10 weeks (200--220 g) were purchased from the Iuliu Hatieganu University of Medicine and Pharmacy, Cluj Napoca, Romania. The animals were housed in a conventional animal facility at a constant temperature of 25±2°C, relative humidity of 50--70%, with 12-h dark/light cycles, and received water and pelleted food ad libitum. After one week of acclimation in our laboratory, the rats were randomized into five groups (n=10). Rats were housed at a maximum of five per cage. All experimental procedures were approved by the local Ethical Committee for Animal Experiments, and all studies were conducted in accordance with the regulations on the use and care of animals.

Experimental protocol
---------------------

Toluene-2,4-diisocyanate (98%; Fluka, CAS 584-84-9) was obtained from Aldrich Chemical Co. (Taufkirchen, Germany). TDI was prepared at a concentration of 10% for sensitization and 5% for the challenge, using ethyl acetate as the vehicle. The five study groups were: CONTROL, group that received no treatment; VEHICLE, rats that received the vehicle on all occasions; TDI, rats that received sensitization and challenge with TDI; VEHICLE+E, rats that received vehicle and vitamin E; TDI+ E, rats that received TDI on all occasions and vitamin E treatment. The rats in groups TDI and TDI+E were sensitized by nasal administration of TDI 10% (5 μl/nostril) from day one to day 7, and from day 15 to 21, with a rest period from day 8 to 14. From day 22 to day 28 in groups TDI+E and VEHICLE+E rats received Vitamin E (50 mg/kg, i. v.) \[[@b13-cm-89-499]\], and in groups CONTROL, VEHICLE and TDI rats received saline solution. In day 29 the rats were challenged by intranasal application of 5% TDI (5 μl/nostril) \[[@b14-cm-89-499],[@b15-cm-89-499]\] ([Figure 1](#f1-cm-89-499){ref-type="fig"}).

Sample collections
------------------

At the end of the experiment period, all animals were sacrificed with pentobarbital overdose (100 mg/kg, i.p.) on day 30 \[[@b15-cm-89-499]\]. Blood samples were taken from the retro-orbital sinus, rest for 1 h at room temperature, then centrifuged (3000×g, 20 min) and supernatants were harvested and stored at −80°C until further analysis.

To perform the bronchoalveolar lavage (BAL), a cannula was placed in the trachea and the lungs were lavaged in situ, three times with 0.8 mL sterile saline (0.9% NaCl), and the recovered fluid was pooled. The total BAL fluid (BALF) volume was measured, and the BALF was then centrifuged at 1200 rpm for 10 min. The resultant supernatant was collected and stored at −80 °C until further analysis \[[@b1-cm-89-499],[@b4-cm-89-499],[@b15-cm-89-499]\].

Lung biopsy was also performed. Briefly, after harvesting the lungs, tissue fragments were homogenized with a Polytron homogenizer (Brinkmann Kinematica) for 3 minutes on ice in phosphate buffered saline (pH, 7.4), added in a ratio of 1:4 (w/v). The suspension was centrifuged for 5 minutes at 3000 g at 4°C to prepare the cytosolic fractions. The proteins levels in homogenates were measured by using the Bradford method \[[@b16-cm-89-499],[@b17-cm-89-499]\]. The homogenate were maintained at −80°C until further analysis.

Chemicals
---------

1,1-diphenyl-2-picryl hydrazyl (DPPH), dimethylsulfoxide (DMSO), 2,4-dinitrophenylhydrazine (DNPH) were purchased from Sigma Aldrich, St. Louis, MO. All other chemicals used in the experiments were of analytical grade.

Determination of MDA
--------------------

The malondialdehyde (MDA) content was measured by assessing the concentration of thiobarbituric acid reactive substances (TBARS) \[[@b18-cm-89-499]\]. A solution of 10 mM 2- thiobarbituric acid in 75 mM K2HPO4 solution (pH 3.0) was added to the samples and then heated in a water bath for one hour. After cooling, the reacting product was extracted in n-butanol. MDA was measured spectrofluorimetrically using a synchronous technique, with excitation at 534 nm and emission at 548 nm. MDA values were conveyed in nmol/mLin serum and BALF and nmol/mg protein in lung homogenate supernatant.

Determination of protein carbonyls
----------------------------------

Protein oxidation was estimated by protein carbonyls (PC) content \[[@b19-cm-89-499]\]. From 0.5 ml of sample, proteins were precipitated using 0.25 ml of trichloroacetic acid (TCA) 10%. 0.75 ml of 10 mM DNPH in 2 M HCl was added to the precipitate and incubated at room temp for 30 min. The reaction mixture was recentrifuged using the same amount of TCA as before. The precipitate, thus obtained, was washed twice with 1 ml ethanol/ethyl acetate (1:1 v/v) mixture. The precipitate was dissolved in 0.75 ml protein dissolving solution (2 g sodium dodecylsulphate and 50 mg EDTA in 100 ml 80 mM phosphate buffer, pH 8.0), incubated for 10 min at room temp. The color intensity was measured at 370 nm against 2 M HCl. PC content was calculated using the molar extinction coefficient 22,000 M-1cm-1. PC concentration was expressed as nmol/ml for serum and nmol/mg protein for lung homogenates.

Determination of total thiols
-----------------------------

Total thiols (tSH) were estimated using Ellman's reagent \[[@b20-cm-89-499],[@b21-cm-89-499]\]. In final volume of 4.0 ml, was added 0.2 ml sample and 0.6 ml of 20 mM tris-HCl buffer pH 8.2, followed by addition of 0.04 ml of 10 mM DTNB in absolute methanol and 3.16 ml of absolute methanol. The tubes were capped and color was developed for 15 min at room temperature. The tubes were then centrifuged at 3,000 g for 20 min. Supernatant was collected and absorbance was measured at 412 nm. tSH concentration was expressed as mmol/ml.

DPPH Radical Scavenging Assay
-----------------------------

The hydrogen donating or radical scavenging ability was measured using the stable DPPH radical method \[[@b22-cm-89-499]\]. Samples (200 ml) of 0.025--1 mg/ml in DMSO were mixed with 1.5 ml of 0.1 mM DPPH in methanol, and the final volume was adjusted to 3.5 ml with DMSO. The mixture was then shaken vigorously and allowed to stand for 30 min in the dark at room temperature. The absorbance was determined at 517 nm. Trolox was used as a reference compound. Absorbance of DPPH in DMSO was used as a control. The percent inhibition of DPPH free radical by the samples was calculated according to the following formula: DPPH scavenging ability = (Acontrol − A sample/Acontrol) × 100, where Acontrol is the absorbance of DPPH radical + methanol (containing all reagents except the sample) and Asample is the absorbance of DPPH radical + sample. The IC50 value represented the concentration that caused 50% inhibition. So, IC50 ≤ 50 μg/mL value means a high antioxidant capacity; 50 μg/mL \< IC50 ≤ 100 μg·mL−1 value means a moderate antioxidant capacity and IC50 \> 200 μg·mL−1 value means no relevant antioxidant capacity \[[@b23-cm-89-499]\].

Determination of GSH
--------------------

We measured reduced glutathione (GSH) fluorimetrically by using o-phtalaldehyde \[[@b20-cm-89-499]\]. Samples were treated with TCA (10%) and centrifuged. A solution of o-phtalaldehyde (1 mg/mL in methanol) was added to supernatants diluted with sodium phosphate buffer 0.1 M and EDTA 5 mM (pH, 8.0). After 15 minutes, the fluorescence was recorded (350-nm excitation and 420-nm emission). GSH concentration was determined by using a standard curve and was expressed as nmol/mL and nmol/mg protein respectively.

Statistical analysis
--------------------

Values are the mean and standard deviation (SD). Otherwise, the median and quartiles are reported (Q1 = first quartile; Q3 = third quartile). For multiple group comparisons, one-way ANOVA was used, as appropriate. If significant differences were determined with ANOVA, post hoc analyses were conducted using the Tukey test to determine differences between individual groups. The Mann--Whitney test was used for non-parametric data. Pearson's and Spearman's correlation analyses were used to calculate relationships between parameters. P\<0.05 was considered significant. Analyses were conducted using SPSS v20.0 (SPSS, Chicago, Il, USA).

Results
=======

Serum oxidative stress tests
----------------------------

After TDI challenge, compared to CONTROL there was a significant increase of serum MDA in all the groups (p\<0.001). No significant differences were found in serum MDA concentration between groups VEHICLE, TDI, VEHICLE+E and TDI+E (p\>0.05) ([Table I](#tI-cm-89-499){ref-type="table"}).

If compared to the CONTROL group, serum PC values of all the other groups increased significantly after TDI challenge (p\<0.01), but there were no significant differences between the groups (p\>0.05) ([Table I](#tI-cm-89-499){ref-type="table"}).

In CONTROL, VEHICLE and TDI groups serum GSH had almost similar values (p\>0.05) after TDI challenge. Vitamin E treatment increased GSH in VEHICLE+E and TDI+E (P\<.0.001), and TDI+E had a significantly higher increase (p\<0.001) ([Table I](#tI-cm-89-499){ref-type="table"}).

Analyzing serum tSH values after TDI challenge it was found that TDI and vehicle alone or with vitamin E had no significant influence (p\>0.05), and there were no important difference between TDI, VEHICLE and CONTROL groups (p\>0.05) ([Table I](#tI-cm-89-499){ref-type="table"}).

Compared to the CONTROL, after TDI challenge serum DPPH of vehicle or TDI animals decreased significantly (p\<0.05). Vitamin E treatment increased DPPH significantly (p\<0.01) in TDI+E animals ([Table I](#tI-cm-89-499){ref-type="table"}).

BALF oxidative stress tests
---------------------------

From the BALF were determined just MDA, GSH and DPPH due to the low proteins concentration.

After TDI challenge BALF MDA did not changed significantly at VEHICLE and VEHICLE+E animal (p\>0.05). TDI administration caused a significant increase of BALF MDA (p\<0.001), and vitamin E treatment reduced BALF MDA to the control level (p\<0.001) ([Table II](#tII-cm-89-499){ref-type="table"}).

BALF GSH did not change after TDI challenge at VEHICLE animals (p\>0.05), but vitamin E association caused a significant increase (p\<0.001). TDI alone or associated with vitamin E did not affect BALF GSH (p\>0.05) ([Table II](#tII-cm-89-499){ref-type="table"}).

In BALF, after TDI challenge DPPH was not influenced by the VEHICLE alone or with vitamin E (p\>0.05). TDI alone did not change BALF DPPH as well (p\>0.05), but the association of vitamin E treatment increased DPPH (p\<0.01) ([Table II](#tII-cm-89-499){ref-type="table"}).

Lung oxidative stress tests
---------------------------

In lung tissue after TDI challenge MDA was not significantly influenced by vehicle alone or with vitamin E (p\>0.05). TDI caused lung tissue MDA increase (p\<0.01), and vitamin E association reduced those values significantly (p\<0.01) ([Table III](#tIII-cm-89-499){ref-type="table"}).

After TDI challenge vehicle caused a small increase of lung tissue PC (p\<0.05), and vitamin E association reduced PC more than in the control group (p\<0.001). TDI also increased PC in the lung (p\<0.001), and vitamin E lowered it significantly (p\<0.001) ([Table III](#tIII-cm-89-499){ref-type="table"}).

Vehicle alone or with vitamin E did not influenced significantly lung GSH (p\>0.05) after TDI challenge. TDI reduced lung GSH (p\<0.01), and TDI+E decreased it (p\<0.01) almost like in control animals (p\>0.05) ([Table III](#tIII-cm-89-499){ref-type="table"}).

Total thiols were not significantly changed after TDI challenge in none of the groups (p\>0.05) ([Table III](#tIII-cm-89-499){ref-type="table"}).

In the lungs DPPH was increased by the vehicle (p\<0.01), and association of vitamin E had almost the same effect (p\>0.05) as vehicle. TDI did not influenced significantly DPPH in the lung (p\>0.05), but TDI+E caused a significant increase (p\<0.01) ([Table III](#tIII-cm-89-499){ref-type="table"}).

BALF MDA were significantly smaller than serum MDA (p\<0.001). DPPH was also smaller in BALF (p\<0.01) than in the serum. GSH had higher values in BALF (p\<0.001) than in the serum only before vitamin E administration. After vitamin E GSH was higher in the serum of the VEHICLE+E group (p\<0.001), and in BALF of the TDI+E group (p\<0.001).

Discussion
==========

The study showed that experimental rat TDI- induced asthma was associated with oxidative stress, and that vitamin E administration reduced oxidative stress.

Inhaled diisocyanates might cause various direct toxic effects on airways epithelial cells (AECs), but also indirect effects by initiating an immune response.

The direct toxic effects seem to be induced by the generation of reactive oxygen species (ROS) and by altering various antioxidant systems, such as thioredoxin, glutathione, ferritin, and heme oxygenase-1.

The imbalance between oxidant and antioxidant systems can initiate inflammatory responses in the airways through the activation of oxidative stress-sensitive transcription factors, like hypoxia-inducible factor HIF-1 and nuclear factor NF-kB, which in turn mediate the production of proinflammatory mediators, such as matrix metalloproteinase MMP-9, intercellular adhesion molecule ICAM-1, vascular cell adhesion molecule VCAM-1, TNF-α, interleukin IL-1, IL-8, and IL-6, from AECs. Various kinds of cytokines have an effect on the recruitment of cells that mediate the process of airway inflammation and remodeling \[[@b24-cm-89-499],[@b25-cm-89-499]\].

For many years eosinophilic airway inflammation was recognized as the most important feature of patients with chronic, stable asthma. Today it has become apparent that occupational asthma is characterized by an influx of polymorphonuclear neutrophils (PMN) in the airways. PMN are key components of the first line of defense against microbial pathogens, being rapidly recruited to inflammatory sites in response to a variety of stimuli16. Recently, it has been demonstrated that PMN have an important role in TDI-induced asthma because they can release ROS having pathological effects on AECs of asthmatic individuals through the oxidative stress16. So, the nonimmune direct oxidative stress effects of diisocyanate may play an important role in the pathogenesis of TDI-induced asthma \[[@b26-cm-89-499],[@b27-cm-89-499]\].

During the course of the present study we found that TDI sensitization increased oxidative stress systemically, but also locally in the respiratory airways and lung tissue. The mechanism was complex, because there was an increase of MDA and PC formation associated with a deficiency of the antioxidant defense reflected by DPPH decreases. These data are consistent with previously published works. The new finding was that there were no differences between systemic and local lung concentrations of oxidized molecules. After vitamin E treatment oxidative stress was reduced mostly due to serum, BALF and lung tissue GSH and DPPH increase.

The mechanisms that mediate diisocyanates immunogenicity are still unclear. It has been hypothesized that diisocyanates react with self-molecules, especially primary amine groups of proteins, in airway surfactant, epithelial fluid, or the extracellular skin compartment. In vivo, albumin appears to be the major protein target for diisocyanate reactivity, and diisocyanate-albumin is the only known "self" protein reaction product known to trigger innate and adaptive cellular immune responses, associated with airway inflammation and asthma. Animal experimental studies have suggested for albumin the possible existence of a "shuttle" mechanism through which diisocyanate is transported from the airways to the blood. The formation of antigenic diisocyanate-albumin conjugates mediates the pathogenic responses to occupational exposure, like the production of cytokine, specific IgE, oxidative stress, and innate immune proteins \[[@b28-cm-89-499],[@b29-cm-89-499]\]. In the serum of exposed workers diisocyanate-albumin specific IgG is frequently found, and IgE isotypes are rarely observed \[[@b28-cm-89-499],[@b29-cm-89-499]\].

In addition to albumin, diisocyanates are thought to react in vivo with GSH. GSH is the major free thiol of the lower airway fluid, where it is normally present at relatively high levels compared with peripheral blood \[[@b28-cm-89-499],[@b29-cm-89-499]\]. Accordingly we found the higher GSH concentration in BALF.

There is also a theory that GSH serves also as a shuttle for systemic distribution of inhaled diisocyanate, because the reaction of isocyanate with GSH is reversible, and isocyanate groups are transferred from GSH to albumin or other peptides/proteins \[[@b28-cm-89-499],[@b29-cm-89-499]\]. This mechanism may be the cause of the insignificant changes of serum and BALF GSH at TDI animals.

Moreover, the International Agency for Research on Cancer has classified TDI, but none of the other diisocyanates, as a possible human carcinogen. Considering the widespread use of isocyanates and their known health effects, a strategy in reducing diisocyanates pathological effects is needed. In the present study the exogenous antioxidant vitamin E proved to be efficient in reducing the oxidative stress systemically and locally, in BALF and lung tissue by a smooth decrease of ROS production and a significant increase of the antioxidant defense. We may consider that by using vitamin E TDI exposed persons may reduce carcinogenic risk as well.

In recent approaches isocyanate metabolites and isocyanate--protein conjugates have been measured in human biological samples as potential new exposure biomarkers. Immunologic responses such as isocyanate-specific IgG and IgE have also been measured as biomarkers in workers \[[@b30-cm-89-499]\]. Common allergens have been shown to increase ROS production and through that to induce allergic airway inflammation. Although the exact mechanisms are not known, oxidase activity initiates immune activation through its ability to recruit inflammatory cells, including neutrophils. That was the reason for some studies to consider ROS as adjuvants of initiating allergic inflammation \[[@b25-cm-89-499],[@b31-cm-89-499]\]. By reporting the results of this study, we may propose oxidative stress tests as diagnostic biomarkers for TDI induced asthma as well.

Conclusion
==========

The study has showed that in rat TDI-induced asthma there is oxidative stress caused by increased ROS production and antioxidants deficiency. Due to that oxidative stress biomarkers may be useful diagnostic tests in TDI-induced asthma. Because vitamin E improved antioxidant defense and reduced ROS production, it may be recommended for TDI-asthma treatment and TDI-induced carcinogenesis prophylaxis.

![Schematic diagram of the experimental TDI-induced asthma protocol and vitamin E treatment.](cm-89-499f1){#f1-cm-89-499}

###### 

Serum oxidative stress tests.

                  MDA            PC             GSH             tSH            DPPH    
  --------------- ------ ------- ------ ------- ------- ------- ------ ------- ------- -------
  **CONTROL**     2.27   ±0.59   1.31   ±0.38   5.47    ±1.57   0.25   ±0.05   22.95   ±10.6
  **VEHICLE**     3.14   ±0.46   2.01   ±0.44   5.45    ±2.27   0.22   ±0.02   17.55   ±9.94
  **TDI**         3.57   ±0.97   2.79   ±0.71   5.45    ±8.24   0.18   ±0.06   17.71   ±4.37
  **VEHICLE+E**   3.22   ±0.70   2.02   ±0.67   16.32   ±2.08   0.30   ±0.02   19.00   ±6.55
  **TDI+E**       3.39   ±0.47   2.32   ±0.42   28.04   ±5.44   0.21   ±0.03   21.62   ±5.69

Values are the mean ±SD. VEHICLE, ethyl acetate; TDI, toluene diisocyanate; E, vitamin E; MDA, manondialdehyde; PC, protein carbonyls; GSH, glutathione; tSH, total thiols; DPPH, 1,1-diphenyl-2-.

###### 

BALF oxidative stress tests.

                  MDA            GSH             DPPH   
  --------------- ------ ------- ------- ------- ------ -------
  **CONTROL**     0.31   ±0.03   12.08   ±2.33   0.12   ±0.02
  **VEHICLE**     0.51   ±0.09   16.95   ±5.49   0.13   ±0.04
  **TDI**         1.23   ±0.15   12.98   ±4.48   0.11   ±0.05
  **VEHICLE+E**   0.15   ±0.01   25.33   ±7.62   0.11   ±0.03
  **TDI+E**       0.31   ±0.03   14.67   ±2.90   0.33   ±0.02

Values are the mean ±SD. VEHICLE, ethyl acetate; TDI, toluene diisocyanate; E, vitamin E; MDA, manondialdehyde; GSH, glutathione; DPPH, 1,1-diphenyl-2-picryl hydrazyl;I, initial; f, final.

###### 

Lung oxidative stress tests.

                  MDA             PC             GSH            tSH              DPPH    
  --------------- ------ -------- ------ ------- ------ ------- ------- -------- ------- --------
  **CONTROL**     0.20   ±0.012   2.85   ±0.49   0.56   ±0.19   0.020   ±0.003   39.88   ±8.75
  **VEHICLE**     0.27   ±0.016   3.29   ±0.62   0.69   ±0.26   0.027   ±0.005   50.98   ±10.89
  **TDI**         0.39   ±0.04    3.53   ±0.78   0.15   ±0.04   0.023   ±0.009   45.37   ±11.37
  **VEHICLE+E**   0.25   ±0.012   1.76   ±0.34   0.73   ±0.25   0.031   ±0.01    53.06   ±4.85
  **TDI+E**       0.29   ±0.06    1.91   ±0.27   0.65   ±0.12   0.032   ±0.001   52.17   ±6.10

Values are the mean ±SD. VEHICLE, ethyl acetate; TDI, toluene diisocyanate; E, vitamin E; MDA, manondialdehyde; PC, protein carbonyls; GSH, glutathione; tSH, total thiols; DPPH, 1,1-diphenyl-2-picryl hydrazyl.
